Key Words: UVB, Phosphorylation, Bad, ERKs, JNKs, p38 kinase, RSK2, MSK1 The development and maintenance of healthy tissues is critically dependent on a balance between cell survival and cell death (apoptosis). Alterations of both pathways contribute to the clonal expansion of cancer cells. The Bcl-2 family of related proteins contains protein-protein interaction domains that facilitate homo-and heterodimerization. Some members, Bcl-2, Bcl-X L ,
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skin cancer (15) , suppression of the immune system (16) , and chronic skin damage including premature skin aging (17) . Similar to chemical agents, UV has the ability to activate various signal transduction pathways and to induce the expression of specific genes (18) (19) (20) . A great deal of progress has been made recently in elucidating the mechanisms of the UV-induced apoptotic signaling transduction pathways (21, 22) . However, much less is known about the UV-induced survival-signaling pathway, especially during the immediate time following UV radiation.
One of the major UV responsive pathways is the ras/mitogen-activated protein (MAP) kinases cascade (23) . MAP kinases belong to a large family of serine/threonine protein kinases comprised of three distinct components: extracellular-signal-regulated protein kinases (ERKs), cJun N-terminal kinases (JNKs), and p38 kinase. Generally, JNKs and p38 kinase are known to be activated by various forms of stress, such as UV radiation, heat shock, and inflammation (24) (25) (26) .
Our studies and those of others have shown that ERKs are critical for UV-induced signal transduction (27) (28) (29) . Although UVB radiation has been shown to induce cytokine production (30) (31) (32) (33) and to activate growth factor and cytokine receptors (26) , whether UVB radiation induces Bad phosphorylation and the signaling pathways that are involved in the phosphorylation remain largely unknown. MAP kinases have been implicated in both apoptosis and survival signaling (34) (35) (36) (37) . Therefore, we investigated the possible role of MAP kinase signaling pathways in the regulation of Bad phosphorylation and its function following UVB radiation. In this study, we demonstrated that UVB radiation induces Bad phosphorylation at serine 112, but not serine 136. Using a dominant negative mutant of ERK2, JNK1, p38 kinase, or an N-terminal or C-terminal kinase-dead mutant of mitogen-and stress-activated protein kinase 1 (MSK1), RSK2-deficient cells, and a specific inhibitor of mitogen-activated protein kinase kinase 1 (MEK1) or p38 kinase, we conclude that UVB-induced phosphorylation of Bad at serine 112 is antibody, and RSK2 immunoprecipitation kinase assay kit were from Upstate Biotechnology, Inc.
(Lake Placid, NY); and active recombinant ERK2 (10,000 units/mg), phospho-specific Bad (Ser112) and Bad (Ser136) antibodies, phosphoPlus p44/42 MAP kinase, JNK, and p38 kinase antibody kits, p44/42 MAP kinase, JNK, and p38 kinase assay kits were purchased from Cell Signaling Technology, Inc. (Beverly, MA). The monoclonal Bad antibody (B36420) was from 6 UV Radiation-UVB radiation was performed on serum-starved monolayer cultures utilizing a transluminator emitting UVB (42) . The source of UVB was a bank of four Westinghouse F520 Lamps (National Biological, Twinsburg, OH) at 6 J/S/m light in the UVB range. Approximately 10% of the remaining radiation from the F520 lamp is in the UVA region (320 nm). Although almost no UVC leakage occurred, the UVB radiation was carried out in a UVB exposure chamber fitted with a Kodak Kodacel K6808 filter that eliminates all wavelengths below 290 nm. This lamp is one of the most frequently used UVB sources for the study of carcinogenesis. The International Agency for Research on Cancer refers to this lamp as a source emitting mainly UVB radiation for the study of cancer induction in animals. UVB radiation was measured using the UVX radiometer from UVP (UVX-31). Cl 41 cells were transfected with CMV-neo   or CMV5 vector with or without the plasmids of dominant negative mutant of ERK2, JNK1, p38 kinase, or N-terminal or C-terminal kinase-dead mutant of MSK1 by using LipofectAMINE following the manufacturer's instructions. The stable transfectants were obtained by selection for G418 resistance (400 µg/ml) and further confirmed by assay of respective activity as described (27, (43) (44) (45) (46) .
Generation of Stable Cotransfectants-JB6
Cell Culture-The JB6 mouse epidermal cell line Cl 41 and its stable transfectants, CMV-neo, DN-ERK2, DN-JNK1, DN-p38 kinase, CMV5, N-MSK1, and C-MSK1 were cultured in monolayers at 37 °C and 5% CO 2 using MEM containing 5% FBS, 2 mM Lglutamine, and 25 µg/ml gentamicin (27, (43) (44) (45) (46) . Lymphoblast cells that originated from a Coffin-Lowry syndrome (CLS) patient (deficient in RSK2) and a clinically unaffected person (Normal) (Coriell Institute for Medical Research, Camden, NJ) were cultured in RPMI 1640 medium with 15% FBS, 2 mM L-glutamine, and 25 µg/ml gentamicin. The CLS patient was an 7 8-year-old male. Clinically unaffected lymphoblasts were obtained from an age-and racematched male.
Immunoblotting and Immunoprecipitation-Immunoblotting for phosphorylated proteins of ERKs, JNKs, and p38 kinase was carried out using phospho-specific antibodies against phosphorylated sites of ERKs, JNKs, or p38 kinase, respectively (28, 45) . To study the effect of UVB radiation on the induction of Bad phosphorylation, the Bad protein was first immunoprecipitated with a specific antibody. The immunocomplex was then analyzed by SDSpolyacrylamide gel electrophoresis (PAGE) and immunoblotted with the phospho-specific antibodies against Bad at serine 112 and serine 136. Briefly, cells were cultured in 100-mm dishes until they reached 80-90% confluence. Then, the cells were starved by culturing them in 0.1% FBS MEM or 0.5% RPMI 1640 medium for 24 h. The cells were exposed to UVB radiation to induce Bad phosphorylation and then were disrupted on ice for 30 min in lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerolphosphate, 1 mM Na 3 VO 4 , 1 mg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride) and centrifuged at 14,000 rpm for 10 min in a microcentrifuge.
The lysates containing 500 µg of protein were immunoprecipitated using a monoclonal antibody against Bad and then protein A/G plus agarose to capture the complex. The beads were washed extensively to eliminate nonspecific binding and levels of phosphorylated proteins of Bad at serine 112 and serine 136 and total Bad were selectively measured by Western immunoblotting using a specific antibody and a chemifluorescence detection system (ECF; Amersham Pharmacia Biotech, Inc., Piscataway, NJ). 
Co-immunoprecipitation of Proteins-To

RESULTS
Induction of Bad Phosphorylation at Serine 112, but not Serine 136, by UVB Radiation-
Because the phosphorylation of serine 112 and serine 136 is critical for Bad function (7), we first investigated whether exposure of cells to UVB radiation results in phosphorylation of Bad at these sites. We used a specific antibody to detect Bad phosphorylation at serine 112 or serine 136
by Western blot analysis (Cell Signaling Technology, Inc.) (11) . The specificity of the antibody to Bad phosphorylation at serine 112 or serine 136 was confirmed previously by showing its reactivity to recombinant Bad protein, which was phosphorylated by PKA or RSK2, but not to 
UVB-induced Bad Phosphorylation at Serine 112 Is MAP Kinase-dependent-Our
previous studies indicated that in JB6 Cl 41 cells, UVB leads to activation of the MAP kinase superfamily, composed of ERKs, JNKs, and p38 kinase, even at 15 min after UVB radiation (28, (45) (46) (47) . Therefore, we investigated the possible role of the MAP kinase family in mediating the phosphorylation of Bad at serine 112. To test this, we used two approaches to inactivate MAP kinases. First, PD98059, a specific inhibitor of MEK1 that acts by inhibiting activation of ERKs (48), and SB202190, a specific inhibitor of p38 kinase (49), were tested for their effect on UVBinduced serine 112 phosphorylation of Bad. Pretreatment with 12.5 µM of PD98059 or 0.5 µM of SB202190, which specifically inhibited UVB-induced phosphorylation of ERKs ( Fig. 2A ) or p38 kinase ( Fig. 2B ), but not JNKs (Fig. 2C) is a downstream kinase of the UVB-activated ERK signaling pathway. We performed an immune complex phosphorylation assay of UVB-activated RSK2, which was immunoprecipitated from cells exposed to UVB, using a Bad fusion protein as the substrate. The result showed that UVBactivated RSK2 phosphorylated Bad at serine 112, whereas pretreatment with 12.5 µM PD98059 blocked the phosphorylation (Fig. 4C ). In addition, phosphorylation of Bad at serine 112 was further confirmed by using pure and active recombinant RSK2 (Fig. 4D ). Very recently, we have shown that MSK1 was also activated in JB6 Cl 41 cells at 5-30 min after UVB radiation and inhibition of ERKs or p38 kinase markedly repressed UVB-induced MSK1 activities (45, 46) .
Therefore, we performed a phosphorylation assay of Bad protein by active MSK1 in vitro and found that Bad could also be phosphorylated at serine 112 by active MSK1, but not by active 12 MAPKAPK-2 ( Fig. 4E) , another downstream kinase of p38 kinase (52) . These results suggested that Bad at serine 112 phosphorylation is mediated via JNK1, RSK2, and MSK1.
Inactivated RSK2 or MSK1 Abrogates UVB-induced Bad Phosphorylation at Serine 112
In Vivo-To further confirm that RSK2 and MSK1 have specific roles in UVB-induced phosphorylation of Bad at serine 112, we used RSK2-deficient lymphoblasts derived from a CLS patient or established a stable transfectant with an N-terminal kinase-dead mutant of MSK1 (N-MSK1) or a C-terminal kinase-dead mutant of MSK1 (C-MSK1). Western blot analysis confirmed a complete loss of RSK2 protein in the CLS patient (Fig. 5A ). Compared to the normal lymphoblasts, UVB-induced activation of RSK2 was totally blocked in CLS lymphoblasts (Fig.   5B ). As a result, the phosphorylation of Bad at serine 112 induced by UVB radiation was shown to be profoundly suppressed in CLS lymphoblasts (Fig. 5C) . Overexpression of N-MSK1 or C-MSK1 markedly inhibited UVB-induced MSK1 activity as described previously (45, 46) . Using these stable transfectants, we found that both N-terminal mutant MSK1 and C-terminal mutant MSK1 attenuated UVB-induced serine 112 phosphorylation of Bad, compared with a CMV5
vector in vivo (Fig. 6) . Together, these results indicated that both RSK2 and MSK1 indeed mediate phosphorylation of Bad at serine 112 in response to UVB radiation. induced dissociation (Fig. 7A) . Inhibition of Bad phosphorylation at serine 112 by pretreatment with PD98059 or SB202190 (Fig. 7A ) or using cells expressing DN-JNK1 (Fig. 7B) , restored
MAP Kinases Signaling-dependent Serine 112 Phosphorylation Dissociates
Bad-Bcl-X L association. Phosphorylation of Bad at serine 136 has also been shown to play an important role in disassociation of Bad from Bcl-X L (7, 8) . However, our previous study showed that inhibition of ERKs or p38 kinase blocked UVB-induced activation of Akt (45), which is responsible for serine 136 phosphorylation of Bad (8, 9) . Furthermore, phosphorylation of Bad at serine 136 could not still be induced by UVB radiation following inactivation of MAP kinases (Fig. 7, A and B) . These data demonstrated that MAP kinase pathway-dependent serine 112 phosphorylation of Bad is critical for the dissociation of Bad-Bcl-X L dimers in the early response to UVB radiation.
DISCUSSION
The phosphorylation of Bad, a Bcl-2 family protein, may represent an important bridge between survival signaling by growth factor receptors and the prevention of apoptosis.
Oncogenes involved in the signal transduction of growth factor receptors may mediate the requirement for extracellular stimuli to maintain protection from apoptosis, in part by increasing Bad phosphorylation. Therefore, identifying the specific signaling pathways involved in the regulation of Bad is crucial in our understanding of oncogenesis. In this study, we demonstrated that Bad is phosphorylated at serine 112, but not serine 136, early after UVB radiation.
Furthermore, we found that UVB-induced serine 112 phosphorylation of Bad depends on MAP kinase signaling pathways in which JNK1 directly mediates serine 112 phosphorylation, whereas RSK2 and MSK1 transduce ERKs and p38 kinase signals by phosphorylating Bad. components in response to UV radiation. Very recently, we reported that ERK-and p38 kinasedependent MSK1 activation, in addition to the phosphatidylinositol 3-kinase (PI3-K) pathway, is required for Akt activation early after UVB radiation (45) . In the present study, we further found that MAP kinases mediate UVB-induced Bad phosphorylation at serine 112. The results of our study indicated that JNK1 is a direct mediator of UVB-induced phosphorylation of Bad at serine 112 ( Fig. 3B and Fig. 4A ). Although ERKs and p38 kinase did not directly phosphorylate Bad at serine 112, RSK2, a downstream kinase of ERKs ( 
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( Fig. 7) . Therefore, these data suggest a novel role for MAP kinases and their downstream kinases in the regulation of survival signal transduction pathways immediately following UV radiation. However, the significance of the members of MAP kinases being required for UVBinduced serine 112 phosphorylation of Bad and regulation of its function is not presently known.
Some evidence indicates that cross-talk among ERKs, JNKs and p38 kinase signaling may play an important role in determining cell survival and death (57, 58) . Further study will be required to confirm this hypothesis. 
UV-induced
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PKA has been shown to mediate IL-3-induced phosphorylation of Bad at serine 112 in a cAMP-dependent manner, offering an explanation for the survival-promoting effects of cAMP in some cell types (12) . However, recent studies have reported that the level of cAMP was not affected after stimulation with cytokines, suggesting that PKA activation by cAMP is not the principle means for Bad phosphorylation at serine 112 (63, 64) . Very recently, we showed that PKA was not activated following UVB radiation (46) . Therefore, we conclude that PKA may not be involved in UVB-induced Bad phosphorylation at serine 112.
Recently, α-and γ-PAK have also been shown to phosphorylate Bad at serine 112 in vitro and in vivo (13, 14) . Activation of α-PAK was shown to be induced by IL-3 in FL5.12 lymphoid progenitor cells (13), but not by tumor necrosis factor-α (TNF-α) in BALB3T3 fibroblasts (14) .
These results indicate that activation of α-PAK may depend on cell type differences or different extracellular stimuli. Furthermore, whether α-PAK is involved in IL-3-induced endogenous Bad phosphorylation at serine 112 has not been determined (13) . Overexpression of constitutively active γ-PAK stimulates cell survival of BALB3T3 fibroblasts in response to TNF-α, growth factor withdrawal, and UVC radiation (14) . The authors suggested that phosphorylation of Bad at serine 112 by γ-PAK may be one of mechanisms for protection from cell death. However, whether UVC radiation induction of endogenous Bad phosphorylation and γ-PAK is required for the phosphorylation has not yet been investigated. Interestingly, expression of active γ-PAK increases the early activation of ERKs, JNKs and p38 kinase induced by TNF-α (14) . Currently, we are also identifying the upstream effectors of MAP kinases involved in UVB-induced phosphorylation of Bad at serine 112. Whether γ-PAK is one of the candidate effectors will need to be determined.
A number of published works have suggested that serine 136 phosphorylation of Bad is physiologically important. Expression of a mutant Bad in which serine 136 was changed to alanine potentiates apoptosis, arguing that the inability of Akt to phosphorylate this altered residue promotes association with Bcl-X L , thus leading to cell death (7, 8, 65) . However, singlyphosphorylated Bad at serine 112 also proved incapable of binding to Bcl-X L (7). Our studies here with endogenous Bad argue that Bad-Bcl-X L association is disrupted independently of serine 136 phosphorylation. Rather, the dissociation is primarily dependent upon the phosphorylation state of serine 112. The phosphorylation of Bad at serine 136 could not be detected following UVB radiation (Fig. 1) . Furthermore, Bad was not shown to be phosphorylated at serine 136 by active MAP kinases (data not shown) and inhibition of MAP kinases did not result in activation of other protein kinases such as Akt (45) to phosphorylate Bad at serine 136 after UVB radiation (Fig. 7) . On the other hand, loss of serine 112 phosphorylation of Bad, through inhibition of MAP kinases including ERKs, JNKs, and p38 kinase, completely restores the association of Bad with Bcl-X L (Fig. 7) . Therefore, these results suggest that serine 136 may not necessarily be phosphorylated for cell survival in response to UVB radiation.
In summary, our studies demonstrate that the phosphorylation of Bad at serine 112 induced by UVB radiation is mediated by the signaling of MAP kinases and their downstream kinases (Fig. 8) . cell survival leading to skin cancer, as has been found in several other types of cancer (29, 66 were prepared from the lymphoblasts and RSK2 was immunoprecipitated using RSK2
antibodies. The activity of RSK2 was determined as described under "Experimental Procedures."
Data from three independent experiments were averaged and are presented as mean ± S.E. (C)
CLS cells are defective in UVB-induced Bad phosphorylation at serine 112. Normal and CLS lymphoblasts were starved by replacing the medium with 0.5% FBS RPMI 1640 medium and culturing for 24 h. The lymphoblasts were exposed to UVB (4 kJ/m 2 ) and subsequently cultured for the indicated times. Lysates were prepared from the lymphoblasts and Bad was immunoprecipitated using monoclonal Bad antibodies. The levels of phosphorylated Bad at serine 112 and total Bad were assessed by immunoblotting. by guest on 
